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We present a comprehensive relativistic coupled cluster study of the electronic structures of the
ThO and ThS molecules in the spinor basis. Specifically, we use the single-reference coupled cluster
and the multi-reference Fock Space Coupled Cluster (FSCC) methods to model their ground and
electronically-excited states. Two variants of the FSCC method have been investigated: (a) one
where the electronic spectrum is obtained from sector (1,1) of the Fock space, and (b) another
where the excited states come from the doubly attached electronic states to the doubly charged
systems (ThO2+ and ThS2+), that is, from sector (0,2) of the Fock space. Our study provides a
reliable set of spectroscopic parameters such as bond lengths, excitation energies, and vibrational
frequencies, as well as a detailed analysis of the electron correlation effects in the ThO and ThS
molecules. Finally, we examine the first ionization potential and electron affinity of the above
mentioned molecules.
I. INTRODUCTION
Coupled cluster theory can be considered as one of the
most accurate approaches for practical ab initio calcula-
tions of ground and electronically excited-state properties
of atoms and molecules [1–8]. This is particularly true for
systems prevailed by so-called dynamic electron correla-
tion effects, where the electronic wavefunction is well de-
scribed by a single electron configuration. Ground state
electronic structure properties can then be efficiently de-
termined from the Coupled Cluster Singles and Doubles
(CCSD) method or the CCSD(T) approach, which addi-
tionally includes a perturbative triples correction. While
these methods are capable of reproducing highly accurate
experimental data [9, 10], a reliable and efficient descrip-
tion of electronic excited states remains more challeng-
ing. This led to the development of numerous methods
with a CCSD reference state and where a spectrum of
electronic states is obtained in a single calculation. Ex-
amples are the Equation of Motion Coupled Cluster Sin-
gles and Doubles (EOM-CCSD) method [11–14], includ-
ing its spin-flip [15–17], completely renormalized [18–21]
and simplified variants [22–25], as well as the Fock Space
Coupled Cluster (FSCC) group of methods [26–28]. The
major advantages of the FSCCSD method over the EOM-
CCSD approach are the size extensivity of electronically-
excited states and correct description of charge transfer
excitations [29].
The Intermediate Hamiltonian (IH) formulation of the
FSCCSD method represents a versatile tool to model ex-
cited states with multi-reference character [26, 27]. More-
over, if coupled with a proper relativistic Hamiltonian,
the IHFSCCSD method allows for a reliable description
of excited states of heavy-element compounds [30, 31].
Therefore, a relativistic formulation of this scheme in
the spinor basis (comprised of Kramers pairs) [32, 33]
often serves as a reference method for quantum chemi-
cal modelling of the electronic spectra of small actinide
species [34–41].
Prototypical di- and tri-atomic molecules containing
one actinide element are valuable models to examine
bonding mechanisms and electronic structures of larger
realistic actinide compounds [40, 42–44]. Such model
compounds are, for instance, instructive to elucidate the
participation of the 5f and 6d actinide orbitals in chem-
ical bonding and their influence on molecular proper-
ties [45].
Actinide oxides and their derivatives [46] are one of
the most explored small actinide compounds, by both,
experimental and quantum chemical techniques. The
first and simplest representative of this group, the tho-
rium monoxide (ThO) molecule, has been pointed out as
a candidate in the search of the electron electric dipole
moment (eEDM) [47–49]. As a result, both experimental
and theoretical groups set sights on the reliable descrip-
tion of the ground and electronically excited states of
the ThO molecule. Such information is crucial to esti-
mate the lower bound for the permanent electric dipole
moments in the X1Σ+ and H1∆1 electronic states of
ThO, which has been recently set to 8.7x10−29e cm−1
by Baron et al. [49]. Additional experimental studies on
ThO include gas phase microwave [50] and infrared mea-
surements [51, 52], as well as high resolution photoelec-
tron spectroscopy analysis [53–55]. Theoretical examina-
tion covers multi-reference methods [56–62], the single-
reference coupled cluster approach [63–65], and density
functional theory calculations [66, 67].
Recently, Heaven and coworkers [47, 68] designated the
ThS molecule as the new and potentially good candidate
for the eEDM. Their preliminary ab initio calculations
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2confirm experimental findings [47]. This motivates us to
carefully examine the electronic structures of both ThO
and ThS using state-of-the-art relativistic coupled cluster
methods. We would like to stress that the goal of our
work is not a direct determination of the lower bound
for eEDM, but an in-depth examination of the electronic
structures of ThO and ThS by pointing out similarities
and differences between them. Our relativistic coupled
cluster data including adiabatic excitation energies can
further be used in the analysis of the lower bound for the
permanent electric dipole moments. To the best of our
knowledge, such a reliable theoretical study conducted
for both ThO and ThS molecules has not been reported,
yet.
This article is organized as follows. A brief descrip-
tion of the IHFSCCSD method is presented in section II.
Computational details are presented in section III. In sec-
tion IV, we discuss our coupled cluster results for the
ground, excited states, ionization potentials, and elec-
tron affinities of the ThO and ThS molecules. Finally,
we conclude in section V.
II. THE FOCK-SPACE COUPLED CLUSTER
APPROACH
The FSCC method is a state-universal multi-reference
coupled cluster theory, which, as the name implies, op-
erates in the Fock space. The basic idea of the FSCC
method is to find an effective Hamiltonian in a low-
dimensional model P space, with eigenvalues approxi-
mating some desirable eigenvalues of the physical Hamil-
tonian (H). While the model or P space contains the ac-
tive valence orbitals directly involved in the electronic ex-
citations, the complementary Q space includes all the re-
maining orbitals. In this way, only a few eigenvalues out
of the whole spectrum are calculated, and the expensive
diagonalization of the H Hamiltonian in the large con-
figurational space is avoided. The use of a model space,
however, might lead to intruder state problems, which
are the source of divergencies encountered in certain ba-
sis sets or molecular geometries. To remedy this problem,
the intermediate Hamiltonian formulation of the FSCC
method has been proposed, which imposes a buffer space
between the desired and undesired states. This means
that the model space (P ) is further divided into a main
model space (Pm) and an intermediate model space (Pi),
which serves as a buffer between the Pm and Q spaces.
A schematic representation of the IHFSCC model is pre-
sented in Figure 1. We should note that in our studies
we used the IH scheme proposed by Kaldor and cowork-
ers [33], but alternative techniques also exist [26]. For
more details about the IHFSCC method, we refer the
reader to the literature [26, 27].
An intrinsic feature of the FSCC approach is the par-
titioning into sectors (k,l) depending on the number of
electrons removed from or attached to the reference state.
In this way, the single electron excitation energies are ob-
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FIG. 1. Schematic representation of the IHFSCC model.
The active space P is the sum of the number of active holes
(NACTH) and the number of active particles (NACTP). Pi is
the intermediate Hamiltonian space, Pm is the model space,
and Q is the auxiliary space of inactive orbitals. Only the
excitations within the model space Pm have a physical mean-
ing.
tained from sector (1,1), singly attached ones form sec-
tor (0,1), singly ionized ones from sector (1,0), doubly
attached ones from sector (0,2), and doubly ionized ones
from sector (2,0) of the Fock space. It is important to
note that for arbitrary k and l sectors, subsystem em-
bedding conditions require a priori solution to all lower
rank sectors [69]. This means that before we calculate
excitation energies from sector (1,1) of the Fock space,
we first have to solve (and converge) equations for the
(0,0), (0,1), and (1,0) sectors, respectively. Similarly, for
excitation energies from sector (0,2) one has to find a
priori solutions to sectors (0,0) and (0,1), respectively.
The FSCCSD(1,1) method cannot always be applied
to calculate excited states of closed shell systems due to
convergence difficulties originating from intruder states.
This is particularly true when large basis sets are ap-
plied. For example, undesired (canonical) Rydberg-type
orbitals with energies close to those in the model space
might cause convergence difficulties [37]. One way to
overcome this problem is to use molecular orbitals from
a charged system, which pushes such Rydberg-type or-
bitals energetically further away from the model space.
Utilizing the FSCCSD(0,2) approach rises, however, the
question about orbital relaxation effects and the reliabil-
ity of obtained excitation energies computed with differ-
ent Fock operators (with and without the presence of two
electrons).
3III. COMPUTATIONAL DETAILS
All calculations have been carried out in theDIRAC14
relativistic software package [70]. Through out this work,
we used the (spin–orbit) Dirac–Coulomb Hamiltonian,
in which the (SS|SS) integrals were approximated by a
point charge model [71]. In all the calculations we used a
valence triple-ζ basis set of Dyall [72] if not stated other-
wise. The correlated calculations used the so-called “no-
pair approximation” where the projection operators re-
move any Slater determinant containing negative-energy
orbitals from the Dirac–Coulomb Hamiltonian [73]. In
all calculations, the C∗2v double point group symmetry
was employed [74].
In the ground state CCSD and CCSD(T) calculations,
we investigated various numbers of correlated electrons
ranging from 28 to 50 and form 28 to 58 for ThO and
ThS, respectively. We also studied the basis set effect on
ground-state spectroscopic constants by extrapolation to
the basis set limit. The basis set limit of the Dirac–
Hartree–Fock energy was obtained by fitting an expo-
nential function of the form [75]
ESCF(X) = ESCF∞ + a exp(−bX) (1)
to the Dirac–Hartree–Fock energies obtained in the cc-
pVDZ, cc-pVTZ, and cc-pVQZ basis sets [76] for light
elements (O,S) and the dyall.v2z and dyall.v3z basis sets
for thorium. [72] In the above equation X indicates the
cardinal number of the basis set (2 for D, 3 for T, etc.).
We note that the dyall.v3z (all electron) basis set is the
largest available for thorium and therefore in the calcu-
lations with cardinal number four the dyall.v3z basis set
was applied for the thorium atom. For all correlated cal-
culations, the basis set limit of the correlation energy was
obtained by a two-point fit using the fit function
Ecorr(X) = Ecorr∞ + aX
−3, (2)
as suggested in refs. [75, 77]. In the above equation,
Ecorr(X) indicates the correlation energy of a given
method defined as Ecorr(X) = Etot(X)−ESCF(X). The
virtual spinors with energies above 30Eh were deleted in
the CC calculations.
In our excited state calculations, we used two variants
of the IHFSCC approach: one with the electronic spectra
calculated from sector (1,1) of the Fock space (denoted
as IHFSCC(1,1)) and another with the electronic spec-
tra obtained from the doubly attached electrons to the
doubly charge species, that is, from sector (0,2) of the
Fock space (denoted as IHFSCC(0,2)). In the CCSD
reference state, we thus correlated 34 and 32 electrons
for the IHFSCC(1,1) and IHFSCC(0,2) models, respec-
tively. In all excited state calculations our main model
space (Pm) was composed of the thorium 7s, 6d, and 7p
atomic spinors. The first ionization potentials and elec-
tron affinities were obtained from sectors (1,0) and (0,1)
of the Fock space taking into account structural changes
of ionized and electron attached species. More detailed
TABLE I. Composition of correlated spinors for various num-
ber of electrons in ThO and ThS. Ncorr denotes the number
of correlated electrons.
Ncorr Atomic contributions in occupied spinors
ThO
28 Th: 5d, 6s, 6p, 7s
O: 2s,2p
34 Th: 5p, 5d, 6s, 6p, 7s
O: 2s, 2p
50 Th: 4f , 5s, 5p, 5d, 6s, 6p, 7s
O: 2s, 2p
ThS
28 Th: 5d, 6s, 6p, 7s
S: 3s,3p
34 Th: 5d, 6s, 6p, 7s
S: 2p, 3s, 3p
44 Th: 5p, 5d, 6s, 6p, 7s
S: 2s, 2p, 3s, 3p
58 Th: 4f , 5p, 5d, 6s, 6p, 7s
S: 2s, 2p, 3s, 3p
information concerning the composition of each active
space can be found in Tables S1 and S2 of the ESI†.
The potential energy curves were obtained from a fith-
order polynomial function fit to the single-point calcula-
tions in the range of 1.78–1.92 A˚ and 2.32–2.44 A˚ for the
ThO and ThS molecules, respectively. Each fit was based
on a single point calculation, displaced by 0.02 A˚ around
the equilibrium bond lengths. All the spectroscopic con-
stants such as equilibrium bond lengths, harmonic vibra-
tional frequencies, and force constants were calculated
using the twofit program provided in DIRAC. In the
calculation of our spectroscopic constants we have used
masses of the most abundant isotopes, that is, 15.9949
for O, 31.9721 for S, and 232.0381 for Th.
IV. RESULTS
A. Ground-state properties
Since the number of electrons in our systems is large,
we have to find some compromise and correlate the chem-
ically most important electrons. Accordingly, we exam-
ined a number of correlated electrons distributed over dif-
ferent subshells in the ThO and ThS molecules as shown
in Table I. One can see that increasing the number of
correlated electrons in both molecules leads to rather dif-
ferent atomic contributions. In the valence part of ThO
only the 2s and 2p atomic oxygen spinors are present,
while in ThS the contribution of sulfur covers up to four
(2s, 2p, 3s, and 3p) atomic sulfur spinors in the calcula-
tions with 58 electrons.
4TABLE II. The influence of correlated number of electrons
(Ncorr) on the ground state bond lengths (re), vibrational fre-
quencies (ωe), and force constants (f) of ThO and ThS using
the dyall.v3z basis set for all elements.
Method Ncorr re [A˚] ωe [cm
−1] f [N/m]
ThO
CCSD 28 1.838 921 748.6
CCSD 34 1.837 922 749.6
CCSD 50 1.837 922 749.3
CCSD(T) 28 1.848 894 704.0
CCSD(T) 34 1.848 894 705.3
CCSD(T) 50 1.848 894 705.1
ThS
CCSD 28 2.348 496 407.3
CCSD 34 2.348 496 407.1
CCSD 44 2.347 496 407.9
CCSD 58 2.347 496 408.0
CCSD(T) 28 2.357 482 384.4
CCSD(T) 34 2.356 482 384.0
CCSD(T) 44 2.355 482 385.1
CCSD(T) 58 2.355 483 385.1
ThO and ThS ground state spectroscopic parameters
calculated from the CCSD and CCSD(T) methods and
various number of correlated electrons are reported in
Table II. It is evident from Table II that for ThO it is
sufficient to correlate only 34 electrons (5p, 5d, 6s, 6p,
and 7s spinors of thorium as well as 2s and 2p spinors of
oxygen) as a larger number of correlated electrons does
not effect spectroscopic constants. The only change in
spectroscopic constants with respect to calculations per-
formed with 50 electrons can be seen in the force con-
stant. However, the difference is almost negligible. The
need for correlating similar amount of electrons in the
electronic structure of ThO has been recently discussed
by Skripnikov and Titov [60, 61].
For the ThS molecule, the optimal number of corre-
lated electrons seems to be 34 as correlating additional
electrons does not effect spectroscopic parameters con-
siderably. The spinors of these calculations have simi-
lar atomic composition as the set of ThO with the same
number of electrons, with the only difference that the
thorium 5p spinors are substituted by the presence of
sulfur 2p atomic spinors (cf. Table I for comparison).
It is worth notifying that the presence of thorium 4f
atomic spinors in correlated calculations does not change
the spectroscopic constants of ThO and ThS. Hence, in
all other calculations presented in this paper we corre-
lated 34 electrons (32 for doubly charged molecules, vide
infra) in the coupled cluster approach. Further anal-
TABLE III. The influence of the basis set size on the ground
state bond lengths (re), vibrational frequencies (ωe), and force
constants (f) of ThO and ThS correlating 34 electrons. The
CBS limit was obtained through the extrapolation of total
Dirac–Hartee–Fock energies with 2,3, and 4 cardinal numbers
and of correlation energies with 3 and 4 cardinal numbers.
Method Basis Th/{O,S} re [A˚] ωe [cm−1] f [N/m]
ThO
CCSD dyall.v3z/dyall.v3z 1.837 922 749.6
CCSD dyall.v3z/cc-pVTZ 1.837 924 752.2
CCSD dyall.v3z/cc-pVQZ 1.836 923 751.1
CCSD CBS 1.834 923 750.7
CCSD(T) dyall.v3z/dyall.v3z 1.848 894 705.3
CCSD(T) dyall.v3z/cc-pVTZ 1.848 896 708.4
CCSD(T) dyall.v3z/cc-pVQZ 1.846 895 706.8
CCSD(T) CBS 1.845 895 705.9
ThS
CCSD dyall.v3z/dyall.v3z 2.348 496 407.1
CCSD dyall.v3z/cc-pVTZ 2.348 497 409.3
CCSD dyall.v3z/cc-pVQZ 2.343 498 411.5
CCSD CBS 2.340 500 413.6
CCSD(T) dyall.v3z/dyall.v3z 2.356 482 384.0
CCSD(T) dyall.v3z/cc-pVTZ 2.356 483 386.5
CCSD(T) dyall.v3z/cc-pVQZ 2.351 485 388.9
CCSD(T) CBS 2.351 485 388.7
ysis of the ThO Dirac–Hartree–Fock molecular spinors
shows that the largest mixing occurs for the thorium 6p
as well as the oxygen 2s and 2p atomic spinors. In the
ThS molecule, the largest mixing is observed for the tho-
rium 6d (and to a lesser extend 6p), and the sulfur 3s
and 3p atomic spinors. Therefore, inspection of the ThO
and ThS Dirac–Hartree–Fock spinors confirms the earlier
theoretical studies suggesting a triple bond.
In Table III, we analyzed the influence of basis set size
on the ground state spectroscopic constants of ThO and
ThS. It is evident from these results that the triple zeta
quality basis set (despite of its type) provides already
very good results for both molecules. Comparing triple
zeta results with those extrapolated to the basis set limit
shows only minor differences in spectroscopic constants
(see Table III). The largest deviations from the extrap-
olated data can be seen for the ThS molecule, where
the equilibrium bond lengths changes up to 0.008 and
0.005 A˚ for CCSD and CCSD(T), respectively. At the
same time, the differences between vibrational frequen-
cies are overall small and do not exceed few reciprocal
centimeters.
In Table IV we compare the new ground state theo-
retical results for ThO to the existing experimental and
theoretical data available in the literature. One can see
that our CCSD and CCSD(T) results are very close to ex-
periment, outperforming the standard CASCCF/MRCI
5TABLE IV. Equilibrium bond lengths (re) and vibrational
frequencies (ωe) of the
1Σ+ ground-state ThO.
Method re [A˚] ωe[cm
−1]
Experimental
PFI-ZEKE (gas phase) [54] 1.840
MW (gas phase) [50] 1.840
Electron Spec. (gas phase) [53] 896
IR Ne matrix [52] 887
IR Ar matrix [51] 879
Theoretical
ECP CASSCF [56] 1.927 847
DFT/B3PW91 [54] 1.846 898
CASSCF/MRCI [78] 1.862 867
Spin Orbit CASPT2 [63] 1.862 856
Spin Free CASPT2 [79] 1.861 879
Present work
CCSD/dyall.v3z 1.837 922
CCSD/CBS 1.834 923
CCSD(T)/dyall.v3z 1.848 894
CCSD(T)/CBS 1.845 895
TABLE V. Equilibrium bond lengths (re) and vibrational fre-
quencies (ωe) of the
1Σ+ ground-state ThS.
Method re[A˚] ωe[cm
−1]
Experimental
IR [66] 475
Electron Spec. (gas phase) [80] 479(1)
Theoretical
B3LYP [67] 2.349 481
B3PW91 [66] 2.341 479
CASSCF/MRCI [80] 2.363 477
Present work
CCSD/dyall.v3z 2.348 496
CCSD/CBS 2.340 500
CCSD(T)/dyall.v3z 2.356 482
CCSD(T)/CBS 2.351 485
approaches for bond lengths and vibrational frequencies.
Surprisingly, the CCSD bond length of 1.837
A˚ matches better the experimental value of 1.840 A˚ than
the extrapolated CCSD(T) approach which is approx-
imately 0.05 A˚ longer. Both CCSD vibrational fre-
quencies overestimate the experimental value by approx-
imately 30 cm−1. The triples correction on top of CCSD
brings the characteristic vibrations very close to experi-
mentally determined values (879–896 cm−1). Our find-
ings are in line with recent work of Skripnikov and
Titov [60] who estimated contributions form triple and
higher rank excitations in the ThO molecule to 5%.
Table V collects the ground state bond lengths and vi-
brational frequencies for ThS. Our CCSD and CCSD(T)
vibrational frequencies are in very good agreement with
the experimental values, with CCSD(T) being somehow
closer. Specifically, the CCSD(T) values of 482 and 485
cm−1 fit quite well the experimental values of 475 and 479
cm−1. The difference between the CCSD and CCSD(T)
vibrational frequencies is similar as observed for ThO and
amounts to 30 cm−1. In both molecules the CCSD(T)
bond lengths are approximately 0.01 A˚ longer than those
obtained from the CCSD calculations.
Comparing the ground-state spectroscopic constants of
ThO and ThS, we can see that the Th–S bond length is
ca. 0.51 A˚ longer than the corresponding Th–O bond.
Such a considerable difference can be explained by the ap-
proximately two times larger atomic sphere of sulfur. The
force constants of ThO are roughly twice the value of ThS
(705 vs. 385 N/m), thus the strength of the Th–O bond
is approximately twice the strength of Th–S. For both
molecules, the CCSD(T) spectroscopic constants (com-
pare Tables IV and V) agrees better with experimental
and other theoretical data. Moderately large values of
the CCSD T1-diagnostics, 0.030 and 0.034 for ThO and
ThS, respectively, reveal potential problems for perturba-
tive corrections on top of CCSD, such as CCSD(T). How-
ever, the good agreement of ThO and ThS vibrational
frequencies with experimental values suggests adequacy
of the CCSD(T) model at least around the equilibrium
structures.
B. Excited-state properties
1. ThO
Table VI lists the low-lying part of the adiabatic spec-
trum of the ThO molecule. Our FSCC spectroscopic pa-
rameters are compared to the SO-CASPT2 numbers and
when possible also to experiment. The calculated excita-
tion energies of ThO are mainly dominated by electron
transfer from the occupied 7s spinor to the unoccupied
6d and 7p spinors of thorium. The composition of vir-
tual spinors changes, however, with the bond distance. In
general, the electronic spectrum of ThO can be divided
into three blocks.
The first block of the electronic spectrum covers ex-
citations to the 6d spinors in the range of 5 000–8 500
cm−1. In the perturbative spin–orbit CASPT2 calcu-
lations [63] these excitations have mainly 3∆ character.
Our Mulliken-based population analysis of virtual spinors
confirms the leading contribution form the δ-type spinors
in this part of the spectrum. It is worth noting that in the
relativistic Dirac equation used here, spin is not a good
quantum number and therefore individual contributions
from singlet and triplet cannot be anticipated. In this
part of the spectrum the bond lengths are elongated by
about 0.01–0.02 A˚ and vibrational frequencies lowered
by approximately 40 cm−1 with respect to the ground
state reference. This is true for all theoretical and exper-
imental spectra (see Table VI for more details).
The second block ranges from 10 000 to 13 000 cm−1
and includes electron transfer to 7p spinors. In the per-
turbative spin–orbit CASPT2 calculations [63] these ex-
cited states are characterized by leading contributions
from the 3Π state. All equilibrium bond lengths for these
6TABLE VI. Spin–orbit electronic spectrum of the ThO molecule. Adiabatic excitation energies, Te (in cm
−1), bond lengths,
re (in A˚), and vibrational frequencies, ωe (in cm
−1).
State IHFSCC(1,1) IHFSCC(0,2) SO-CASPT2 [63] Experiment
Ω Te[cm
−1] re[A˚] ωe[cm−1] Te[cm−1] re[A˚] ωe[cm−1] Te[cm−1] re[A˚] ωe[cm−1] Te[cm−1] re[A˚] ωe[cm−1]
0+(X) 0 1.837 922 0 1.841 922 0 1.866 856 0 1.840 896
1 (H) 5 168 1.854 885 6 017 1.855 885 5 549 1.882 823 5 317 1.858 857
2 (Q) 6 086 1.853 886 6 866 1.854 886 6 693 1.880 828 6 128 1.856 858
3 (W) 7 694 1.852 887 8 438 1.852 889 8 408 1.878 835 8 600 - -
0− 10 701 1.861 857 10 911 1.857 882 10 370 1.901 784 - - -
0+(A) 11 699 1.862 910 11 292 1.857 882 10 388 1.902 783 10 601 1.867 846
1 (B) 12 056 1.859 879 11 181 1.905 776 11 129 1.864 843
2 12 803 1.849 885 12 732 1.852 886 12 891 1.900 774 - - -
1 (C) 14 451 1.866 859 16 188 1.864 869 14 112 1.914 779 14 490 1.870 825
2 14 997 1.859 872 14 533 1.857 883 14 640 1.872 853 - - -
1 (D) - - - 17 644 1.862 874 19 813 1.914 701 15 946 1.866 839
0− 16 982 1.888 822 18 016 1.868 855 20 188 1.879 866 - - -
0+(E) 14 370 1.868 855 17 280 1.859 875 17 912 1.902 781 16 320 1.867 829
2 (G) - - - - - - 17 339 1.920 759 18 010 1.882 809
excited states are slightly longer than in the first block
of the ThO spectrum (see Table VI). The intrinsic part
of this spectrum are quasi-degenerate 0− and 0+ excited
states. The IHFSCC(1,1) 0+ excited state potential en-
ergy surface deviates from quadratic shape. As a result
the vibrational frequency of this particular state is larger
than its 0− counterpart (910 vs. 857 cm−1). This irreg-
ularity disappears in the IHFSCC(0,2) approach where
both 0− and 0+ excited states are characterized by the
same vibrational frequency.
The third block contains all the remaining excitations
up to 18 000 cm−1 and covers electronic transitions to
the mixed 6d and 7p molecular spinors. In this part
of the spectrum we see a lot irregularities in the bond
lengths and vibrational frequencies. The 2 (G) excited
state present in experiment and CASPT2 (bearing sig-
nificant Φ character) is not calculated in our FSCC spec-
trum as it was impossible to include the virtual spinors
from the 5f shell in the main model space.
Comparing our IHFSCC(1,1) and IHFSCC(0,2) spec-
troscopic constants we see that both methods give similar
results. The agreement between these two approaches is
smallest in the lower part of the ThO spectrum and in-
creases towards higher lying excited states. Nevertheless,
both methods predict the same order of excites states,
while the differences in excitation energies usually do not
exceed 1 000 cm−1. The largest discrepancy is observed
for the 1 (C) and 0+ (E) excited states and amount to
approximately 2 000 cm−1. The 1 (B) and 1 (D) excited
states are not reported for the IHFSCC(1,1) spectrum as
they have significant contributions from the (undesired)
Pi space. Such excitation energies might not have phys-
ical meaning and should not be trusted.
All FSCC spectroscopic parameters (bond lengths,
excitation energies, and vibrational frequencies) agree
rather well with experimental data listed in Table VI.
Specifically, the differences do not exceed 50 cm−1 in
vibrational frequencies and 0.005 A˚ in bond lengths.
Based on our analysis of the ground state spectroscopic
constants one might expect that to a large extent these
discrepancies are caused by the lack of triple excitations
in our model (vide supra discussion on the CCSD and
CCSD(T) results). In general, the IHFSCC results pre-
dict shorter bond lengths and higher vibrational frequen-
cies than those obtained from SO-CASPT2. Such trends
in SO-CASPT2 spectra have already been observed for
other actinide species [40, 81].
2. ThS
The adiabatic excitation energies of the ThS molecule
are listed in Table VII. In general, the electronic spec-
trum of ThS bears a lot of similarities to the spectrum
of ThO. Similar to ThO, also the ThS spectrum can be
divided into three characteristic blocks.
The lowest part of the spectrum covers excitations
from the 7s atomic spinor to the 6d spinors in the range
of 2 500–8 000 cm−1. Despite the fact that excitation en-
ergies have similar character (dominant δ contributions)
and the same symmetry (Ω = 1, 2, and 3), they are
lower in energy by approximately 2 000 cm−1 than in
the corresponding ThO molecule. Similar as in ThO, the
optimal bond lengths for excited states are elongated by
approximately 0.02 A˚ and vibrational frequencies low-
ered by about 20 cm−1 with respect to the ground state
reference.
In the second part of ThS spectrum covering excita-
tions within 8 500 and 12 000 cm−1, the bond lengths
are elongated by additional 0.02 A˚. In the ThS molecule,
the separation between the first pair of 0+ and 0− states
is lowered down to 400 cm−1 compared with 1 000cm−1
in the ThO molecule.
The remaining part of the ThS excitation energies is
7included in the third part of the spectrum. As in ThO,
we observe irregularities in all spectroscopic parameters.
The overall agreement between electronic spectra ob-
tained from sector (1,1) and sector (0,2) of the Fock space
is a little bit less satisfactory than for ThO. The largest
difference between these two variants of the IHFSCC ap-
proach occurs in the lowest-lying part of the electronic
spectrum and amounts to 2 000 cm−1 (cf. Table VII).
Thus, orbital relaxation effects seem to be more impor-
tant for ThS2+ than than for ThO2+. One should also
note that the SO-MRCI results lie somehow between the
IHFSCC(0,2) and IHFSCC(1,1).
C. Comparison to the isoelectronic ThF+ molecule
It is worth noting that the ThF+ molecule, which is
isolectronic with ThO and valence isoelectronic to ThS
has also been investigated as a potential candidate for
the electron EDM [82, 83]. In-depth theoretical studies
of the ThF+ electronic structure revealed its complex
nature resulting from equi-energetic Ω = 0+ (1Σ+0 ) and
Ω = 1 (3∆1) states [41, 83]. Specifically, the order of the
two lowest lying states in ThF+ is very sensitive to the
applied electron correlation method, treatment of spin–
orbit coupling, and the basis set size [41]. In this respect
the ThF+ electronic structure is very different from ThO
and ThS, in which the ground state is well separated from
the 3∆1 excited state. The ThF
+ molecule is also more
sensitive to the basis set choice than ThO and ThS.
D. Ionization potentials and electron affinities
Finally, we discuss the first ionization potential (IP1)
and electron affinity (EA1) of the ThO and ThS species.
The IP1 and EA1 were calculated from sectors (1,0) and
(0,1) of the Fock space, respectively. Our IHFSCC values
are compared to the existing theoretical and experimen-
tal data in Table VIII. The first IP of the ThO molecule
is predicted to be 6.69 eV and agrees rather well with
the newest and very accurate experimental value of 6.60
eV [84] as well as with other relativistic calculations of
Infante et al. [85] (cf. Table VIII). The IP1 of ThS is only
0.19 eV higher than in the the ThO molecule. Larger dif-
ferences between ThO and ThS are observed for the EA1
values and amount to 0.51 eV.
V. CONCLUSIONS
In this article we have studied the ground and excited
state properties of the ThO and ThS molecules using
the relativistic formulation of the CCSD, CCSD(T), and
IHFSCC methods. We show that one has to correlate
34 electrons in the reference CCSD state to include the
most important electron correlation effects in both sys-
tems. We also demonstrated that it is sufficient to utilize
a triple zeta quality basis sets for both molecules to ap-
proach the basis set limit in the ground state calculations.
Our study shows that the inclusion of triples correction
(CCSD(T)) is necessary to fully reproduce experimental
vibrational frequencies of the ThO and ThS molecules.
Neglecting contributions form triple excitations increases
the vibrational frequencies by approximately 30 cm−1.
Our study indicates that the spin–orbit electronic spec-
tra of ThO and ThS bear a lot of similarities and are
rather different from the ThF+ molecule. Specifically,
both molecules have the same character and order of ex-
citation energies with the only difference that the first
three excited states of ThS appear at somehow lower en-
ergy ranges. Our spectroscopic constants for the ground
and excited states of ThO are in very good agreement
with experiment. Therefore, we believe that our spectro-
scopic constants for the ThS molecule will serve as ref-
erence values, where experimental spectra in the lowest-
lying region are not available. Furthermore, we provided
new reference values (form the IHFSCC(1,1) method) for
the excitation energies of the 3∆2 state in both systems.
They are 5 168 and 2 616 cm−1 for ThO and ThS, re-
spectively. These numbers can be further used in the
evaluation of the lower bound of the eEDM. In addition,
we calculated the IP1 and EA1 for both the ThO and
ThS molecules. The IPs are 6.69 and 6.88 eV, and the
EAs are 0.58 and 1.09 eV for ThO and ThS, respectively.
Finally, we demonstrated that qualitatively correct
electronic spectra of ThO and ThS can also be obtained
from sector (0,2) of the Fock space without much loss of
accuracy. Both the main character of electronic transi-
tion and their correct order are nicely reproduced com-
pared to the IHFSCC(1,1) method. The differences in
adiabatic excitation energies amount to at most 2 000
cm−1. The agreement between sector (1,1) and (0,2) of
the Fock space is better for ThO than for ThS. The ad-
vantage of the IHFSCC(0,2) approach is its less suscepti-
bility to admixture of undesired Pi contaminated states.
As a result, in both the ThO and ThS molecules, we ob-
tained a more complete set of excitation energies from
sector (0,2) of the Fock space.
Our study suggest that the application of the IHF-
SCC(0,2) method for ionically bonded molecules such as
ThO and ThS should give qualitatively correct and com-
plete electronic spectra. This is particularly important
for cases where the IHFSCC(1,1) electronic spectra could
not be converged.
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